Focal stimulation in the frontal eye field (FEF) evoked eye movements that were often accompanied by neck movements. Experiments were performed with concurrent recording of both movements in trained monkeys. We recorded neck forces under a head-restrained condition with a force-measuring system. With the system, we measured forces along the x-, y-, and z-axes and torque about the z-axis. Torque about the z-axis that represented yaw rotation of the head was significantly affected by stimulation. We found that stimulation generated two types of motor actions of the eyes and neck. In the first type, contraversive neck forces were evoked by stimulation of the medial part of the FEF, where contraversive saccadic eye movements with large amplitudes were evoked. When the stimulus intensity was increased, saccades were evoked in an all-or-none manner, whereas the amplitude of neck forces increased gradually. In the second type, contraversive neck forces were evoked by stimulation of the medial and caudal part of the FEF, where ipsiversive slow eye movements were evoked. The depth profiles of amplitudes of neck forces were almost parallel to those of eye movements in individual stimulation tracks. The present results suggest that the FEF is involved in the control of motor actions of the neck as well as the eyes. The FEF area associated with contraversive saccades and contraversive neck movements may contribute to a gaze shift process, whereas that associated with ipsiversive slow eye movements and contraversive neck movements may contribute to a visual stabilization process.
INTRODUCTION
The frontal eye field (FEF) contributes to the generation of saccadic and smooth pursuit eye movements. Electrical microstimulation of the FEF at low intensities elicits saccades (Bruce et al. 1985; Robinson and Fuchs 1969) , and stimulation of the smooth pursuit subregion of the FEF elicits slow eye movements (Bruce et al. 1985; MacAvoy et al. 1991; Tanaka and Lisberger 2002; Tian and Lynch 1996) . When an animal orients its gaze to an interesting target, these eye movements are naturally coordinated with neck movements. Studies on the effects of unilateral FEF lesions have suggested that the FEF plays an important role in the coordination of eye and neck movements (van der Steen et al. 1986 ).
Neck activity, as well as saccades, have been reported to be elicited by stimulation of the FEF in cats (Guitton and Mandl 1978) and monkeys (Elsley et al. 2007 ; Knight and Fuchs 2007; Tu and Keating 2000) . Stimulation-evoked movements of the neck and eyes have been shown to have kinematic properties similar to those of voluntary gaze shifts (Monteon et al. 2010) . Chen (2006) also found that FEF stimulation evoked movements of the neck and eyes, although he suggested that control of movements of the neck and eyes may be independent in the FEF in the context of a task that required monkeys to align eye and head positions separately. In the output pathways of the FEF, the superior colliculus (SC) and the pontine reticular formation have also been shown to contribute to the coordination of eye and neck movements (Sparks et al. 2001) . Interactions between eye and neck movement signals are considered to occur at different levels of the pathways for generating gaze shifts. In addition, the coordination of eye and neck movements is believed to involve other signals including vestibular inputs.
Neck movements associated with slow eye movements have been discussed in terms of the vestibuloocular reflex (VOR). The VOR produces compensatory slow eye movements in the direction opposite that of neck movements to achieve retinal image stability. Neck proprioceptive inputs that are presumably mediated through the vestibular nuclei also contribute to compensatory slow eye movements (the cervicoocular reflex), but the gain of the cervicoocular reflex in normal subjects is low (Hikosaka and Maeda 1973; Kasai and Zee 1978) . Therefore, counterrotations of the eyes during neck movements evoked by stimulation of the FEF in head-unrestrained monkeys are generally attributed to the VOR. However, anticipatory eye movements to compensate for neck movements have been described in predictive gaze shifts in primates (Bizzi et al. 1972) . More recently, compensatory counterrotations of the eyes that anticipate voluntary neck movements have been distinguished from the VOR in guinea pigs (King 2013; Shanidze et al. 2010) . In Xenopus tadpoles during fictive swimming, similar compensatory counterrotations of the eyes have been described (Combes et al. 2008) . These studies support the idea that compensatory counterrotations of the eyes were produced by corollary discharge that provides internal feedback of motor commands (Sperry 1950) .
The present study was performed to understand the relation between neck movements and saccadic and slow eye movements evoked by microstimulation of the FEF in trained monkeys. We recorded neck forces under a head-restrained condition with a force-measuring system. We could then analyze neck forces and eye movements that were dissociated from the VOR. We found that stimulation generated two types of motor actions of the eyes and neck. In the first type, stimulation evoked neck forces and saccades in the same direction. In the second type, neck forces and slow eye movements were evoked in opposite directions with near-synchronous latencies and mirror-image characteristics, suggesting that the FEF may be the source of a corollary discharge signal for compensatory eye movements during voluntary neck movements. This report describes the properties of motor actions of the eyes and neck that are generated simultaneously by stimulation of the FEF and discusses the contribution of the FEF to the control of neck movements as well as saccadic and slow eye movements.
METHODS
Experiments were performed in two male Japanese monkeys (Macaca fuscata) weighing 7 and 9 kg, respectively. The surgical procedures have been described in previous reports on experiments in which the same monkeys were used (Izawa et al. 2004a (Izawa et al. , 2004b . All animal experimentation was conducted in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, 1996) , and the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" (The Physiological Society of Japan, revised in 2001). All surgical and experimental protocols were approved by the Animal Care Committee of Tokyo Medical and Dental University (A2017-289A).
Behavioral training. During training and experimental sessions, the monkey was seated in a primate chair facing a tangent translucent screen (1.5 ϫ 1.5 m square) at a distance of 57 cm. Each monkey was first trained to fixate on a tiny spot of light (0.4°in visual angle, 2 cd/m 2 ) that was generated with a light-emitting diode (LED) and back-projected at the center of the screen with a pair of mirrors attached to galvanometers (Suzuki and Azuma 1977; Wurtz 1969) . The screen was evenly illuminated at 1 cd/m 2 to eliminate stray light around the spot image. The monkey fixated on the center spot and pressed a bar with its hand upon the appearance of the spot, which occurred after an intertrial interval of 3-5 s. While the bar was held down, the spot remained illuminated for a variable duration of 1-4 s. The monkey was required to maintain its line of sight within an error window of Ϯ2°around the fixation target. The target was then slightly brightened (0.3 log unit) for 0.5 s. If the monkey released the bar during this short brightening period, it received 0.2 ml of juice as a reward. Otherwise, the trial was terminated without a reward, and a new trial began. Fixation behavior was elicited, since the monkey had to look at the spot to notice its brightening for rapid bar release.
Microstimulation and experimental procedures. We used glassinsulated Elgiloy microelectrodes (Suzuki and Azuma 1976) with impedances of 0.3-0.5 M⍀ at 1 kHz in Ringer solution. The electrode was introduced into the left FEF with a micromanipulator (MO-95; Narishige, Tokyo, Japan) attached to an implanted cylinder. While recording neuronal activity within the cortex, we switched from a recording circuit to a stimulation circuit at cortical depth intervals of 200 or 400 m to apply microstimulation with the same electrode. Constant-current stimulation trains were generated with a Nihon Kohden ss-1945 stimulator. Trains generally consisted of 40 -60 monopolar cathodal pulses of 1-ms duration at 200 Hz and Յ100 A. Stimulation was applied to the FEF when monkeys were fixating on the center spot. In stimulation trials, microstimulation was usually delivered at 1.5 s after bar press onset during a fixation period of 3 s without the fixation window. Every set of 5-10 stimulation trials was preceded by a set of control (no stimulation) trials. Another set of control trials often followed the stimulation trials to ensure that the effect was not due to a temporal factor, such as changes in the monkey's behavior. Several representative stimulation sites in one monkey were marked with iron deposits by passing currents (electrode positive, 400 C) through the Elgiloy microelectrode (Suzuki and Azuma 1987) . At the end of the experiment, the monkeys were deeply anesthetized with pentobarbital sodium and perfused with 6 liters of saline followed by 6 liters of a fixative solution containing 10% formalin. For the monkey with marked recording sites, the fixative solution also contained 2% ferrocyanide. Serial frozen sections (80 m thick) were cut coronally from the frontal cortex and stained with thionine. The sections were reconstructed with a camera lucida system. Stimulation and recording sites were histologically verified to be located in the prearcuate gyrus.
Experimental control and data acquisition. Behavioral tasks, presentation of light spots, and data acquisition were controlled by IBM PC/AT-compatible computers. Movements of the left eye were recorded by a camera measurement system using the corneal reflection image of infrared light (R-22C-I; Iseyo Electric, Tokyo, Japan), with which we could measure horizontal and vertical eye positions with an accuracy of 0.3°and at a sampling rate of 250 Hz. Eye position signals were calibrated by having the monkey fixate on targets at known eccentricities (10°, 20°, and 30°) on the horizontal and vertical meridians and diagonal axes. Forces exerted on the neck were recorded under a head-restrained condition with a force-measuring system (LAT-1010KA-1; Kyowa, Tokyo, Japan). With this system, we measured forces along x-, y-, and z-axes and torques (twisting forces) about the z-axis ( Fig. 1 ) with resolutions of 0.005 kgf, 0.005 kgf, 0.01 kgf, and 0.05 kgf·cm, respectively. Horizontal and vertical component signals of eye movements, neck force signals, and neuronal activity with respect to behavioral event indicators were stored on computer hard disks and displayed on an oscilloscope. Eye position and neck force were sampled every 4 ms. Neural activity was sampled every 1 ms. Subsequent off-line data analyses were performed with MATLAB (MathWorks, Natick, MA). Mean eye position and neck force signals were obtained by aligning the data with respect to the onset of stimulation and calculating the mean within each 4 ms of the data. The mean eye position and neck force signals were then digitally differentiated. Differentiated eye position and neck force signals were low-pass filtered with a moving average of five data points (Ϫ6 dB, 30 Hz). The onsets of eye movements and neck forces were identified as the point in time at which the differentiated eye position and neck force traces crossed the threshold of 3 SDs of the mean of the differentiated eye position and neck force signals during fixation (300 -600 ms before stimulation onset), respectively (Izawa and Suzuki 2014) . Correlations between data sets were assessed by measuring the Pearson correlation coefficient.
RESULTS
Neck forces evoked by FEF stimulation. We systematically examined the effects of microstimulation of the FEF and its vicinity in the prearcuate gyrus on eye and neck movements. We identified a site as being within the classical FEF when stimulation elicited electrically evoked saccades at Յ50 A (Bruce et al. 1985) . Forces that induced neck movements were elicited in 42 of the 217 tracks examined. Figure 2A shows a typical example of forces that gave neck movements produced by stimulation of a site in the FEF at 60 A. This FEF stimulation evoked neck forces that were directed contralateral to the stimulated side. Among forces recorded on the neck, torques about the z-axis that represented yaw rotation of the head were significantly influenced by stimulation. The torques about the z-axis clearly increased during rightward head rotation evoked by stimulation. On the other hand, forces along the x-axis showed little change and those along the y-and z-axes showed no change with the same stimulation. When the am-plitude of forces along the x-axis was plotted against the amplitude of torques about the z-axis, we found that stimulation elicited little force along the x-axis compared with torques about the z-axis (Fig. 2B ). We then conducted further analyses of neck torques about the z-axis as indicators of neck movements.
To understand how neck movements are related to saccadic eye movements, we recorded neck forces concurrently with eye movements. As shown in the example in Fig. 2C , stimulation evoked contraversive saccades in combination with contraversive neck torques. This finding is consistent with a previous study that reported the coupling of voluntary eye movements with neck torques in head-restrained monkeys (Lestienne et al. 1984) .
FEF-evoked neck forces and saccades. We studied neck forces concurrently with eye movements in more detail. In the example shown in Fig. 3A , stimulation evoked contraversive saccades at a threshold of 10 A. When the stimulus intensity was increased, stimulation also evoked contraversive neck forces at 20 A. Stimulation at 60 A elicited saccades with an amplitude of 28.2°and neck forces with an amplitude of 7.0 kgf·cm. As in this example, contraversive neck forces were evoked in association with contraversive saccades.
Neck forces were usually evoked by stimulation of the medial part of the FEF, where saccades with large amplitudes were evoked. We plotted the amplitude of neck forces as a function of the amplitude of saccades for all 32 tracks where neck forces were evoked in association with saccades. The amplitudes of neck forces ranged from 0.3 to 4.1 kgf·cm (mean 2.2 kgf·cm), whereas those of saccades ranged from 8.2°to 26.2°(mean 20.2°). The scatterplot in Fig. 3B shows that neck forces with larger amplitudes were evoked in association with saccades with larger amplitudes. The correlation between the amplitude of neck forces and the amplitude of saccades was significant (r ϭ 0.66, P Ͻ 0.001). We also compared the latencies of saccades and neck forces at the 32 stimulation sites (Fig. 3C ). The mean latency of saccades from the onset of stimulation was 56.9 Ϯ 17.5 (SD) ms. On the other hand, the mean latency of the onset of neck forces from the onset of stimulation was 96.8 Ϯ 64.7 ms. The latencies of neck forces were usually longer than those of saccades (Wilcoxon signedrank test, P Ͻ 0.01, n ϭ 32).
To compare the effects of stimulus parameters on the generation of eye movements and neck forces, we varied the stimulus intensity and train duration. When we varied the stimulus intensity, eye movements and neck forces showed some different properties. Neck forces showed a more gradual increase in amplitude than saccades as the stimulus intensity was increased. As shown in Fig. 4A , saccades were evoked in an all-or-none manner as the stimulus intensity was increased. On the other hand, the amplitude of neck forces gradually increased as a function of the stimulus intensity (Fig. 4B) . Similar results were obtained at the other 16 stimulation sites examined. We also examined the effect of varying the train duration on eye movements and neck forces at five stimulation sites. The train duration was increased by changing the number of pulses in a stimulus train while the stimulus intensity and interval were kept constant. As shown in the example in Fig.  4C , the amplitude of evoked saccades changed very little when the train duration was varied. With a train of 45-65 stimulus pulses, second saccades were elicited after the first saccades. Compared with saccades, neck forces showed a greater increase in amplitude when the train duration was increased (Fig.  4D) , indicating that variation of the train duration had a greater effect on neck forces. A train of 45-65 stimulus pulses elicited markedly large single neck forces in association with double saccades. Thus eye movements and neck forces showed some different properties in response to changes in stimulus parameters, suggesting that there may be a difference in the control of the two types of movement.
FEF-evoked neck forces and slow eye movements. We also observed neck forces evoked by stimulation of the medial and caudal part of the FEF where slow eye movements were evoked. In the example shown in Fig. 5A , ipsiversive slow eye movements were evoked at 60 A. The same stimulation also evoked contraversive neck forces. As the stimulus intensity was increased, the amplitudes of slow eye movements and neck forces increased. Stimulation at 100 A elicited slow eye movements with an amplitude of 2.7°and neck forces with an amplitude of 3.5 kgf·cm. The effects of stimulation on eye movements and neck forces were also indicated by differentiated eye position and neck force traces, respectively (Fig. 5B ). As in this example, we found that contraversive neck forces were evoked in association with ipsiversive slow eye movements.
We compared the latencies of slow eye movements and neck forces at 12 stimulation sites (Fig. 5C ). The mean latency of the onset of slow eye movements from the onset of stimulation was 44.3 Ϯ 9.6 ms. On the other hand, the mean latency of the onset of neck forces from the onset of stimulation was 37.7 Ϯ 4.5 ms. There was no significant difference between the latencies of slow eye movements and neck forces at a 0.01 level of significance (Wilcoxon signed-rank test, P ϭ 0.04, n ϭ 12). At three stimulation sites, although we observed contraversive slow eye movements, they were not associated with neck forces. Figure 6A shows the amplitude of ipsiversive slow eye movements as a function of stimulus intensity. When the stimulus intensity was increased, the amplitude of ipsiversive slow eye movements gradually increased. This property of slow eye movements is in contrast to that of saccades, which were evoked in an all-or-none manner as the stimulus intensity was increased. The amplitude of neck forces associated with slow eye movements also showed a gradual increase as the stimulus intensity was increased (Fig. 6B) . Similar results were obtained at the other nine stimulation sites examined.
Stimulation sites for evoking eye movements and neck forces. We always recorded the depth profiles of the amplitudes of eye movements and neck forces in individual stimulation tracks. The depth profile of the amplitudes of neck forces was then compared with that of eye movements in each track. Figure 7A amplitudes of contraversive saccades and contraversive neck forces in a stimulation track in the FEF. In this track, stimulation evoked both saccades and neck forces in parallel at a depth of 0-2,400 m. At 2,600 -3,200 m, evoked saccades showed a decrease in amplitude and were not accompanied by neck forces. Figure 7B shows typical depth profiles of the amplitudes of ipsiversive slow eye movements and contraversive neck forces in a stimulation track in the FEF. At a depth of 4,800 -6,800 m, stimulation evoked both slow eye movements and neck forces in parallel. As in these examples, the depth profiles of the amplitudes of neck forces were almost parallel to those of saccades and slow eye movements. We performed a histological reconstruction of stimulation tracks. In Fig. 8A , stimulation sites where slow eye movements were observed in combination with neck forces are plotted in a representative frontal plane of the FEF. These stimulation sites for evoking slow eye movements and neck forces were located in the medial part of the FEF. For 12 stimulation tracks in which ipsiversive slow eye movements were evoked in combination with contraversive neck forces, we calculated the overall average eye position and neck force signals. As shown in Fig. 8B , the beginning of changes in the horizontal component of eye position signals almost coincided with that for neck force signals. In addition, the end of changes in the horizontal component of eye position signals almost coincided with that for neck force signals. Therefore, these average waveforms of the timings of changes in eye position and neck force signals were quite similar.
DISCUSSION
The present results indicate that the FEF is involved in the control of motor actions of the neck as well as the eyes. We found two types of motor actions of the eyes and neck that were generated by stimulation of the FEF. In the first type, neck forces were evoked by stimulation of the medial part of the FEF, where saccadic eye movements with large amplitudes were evoked. The evoked saccades and neck forces were in the same direction, consistent with a gaze shift process. In the second type, neck forces were evoked by stimulation of the medial and caudal part of the FEF, where slow eye movements were evoked. The evoked slow eye movements and neck forces were in opposite directions, consistent with a visual stabilization process. The slow ipsiversive eye movements and contraversive neck forces had near-synchronous latencies and mirrorimage characteristics, suggesting that the FEF may be a source of a corollary discharge signal for compensatory eye movements during voluntary neck movements.
Neck forces to the contralateral side were evoked by stimulation in association with saccades to the contralateral side. Our findings regarding neck forces and saccades are largely consistent with prior studies that observed coordinated gaze shifts by recording movements of the eyes and neck and neck muscle activity evoked by stimulation of the FEF (Elsley et al. 2007; Guitton and Mandl 1978; Knight and Fuchs 2007; Monteon et al. 2010; Tu and Keating 2000) . The present pattern of neck forces and saccades to the contralateral side may contribute to large gaze shifts. Consistent with this idea, neck forces with larger amplitudes were evoked in association with saccades with larger amplitudes. In agreement with the latencies of head movements in previous studies, the latencies of neck forces were usually longer than those of saccades. This confirms that neck torques are reliable indicators of neck movements, although it is possible that stimulation evokes the electromyography (EMG) activity of neck muscles that is not A B functionally related to noticeable neck forces (Corneil et al. 2010 ). When we varied the stimulus intensity, neck forces showed a more gradual increase in amplitude than saccades as the stimulus intensity was increased. This finding is consistent with changes in neck EMG responses, neck movements, and saccades as a function of stimulation current reported by Corneil et al. (2010) . Like saccades, quick phases in the VOR occur in the same direction as neck movements. In the model presented by Chun and Robinson (1978) , the nature of quick phases has been proposed as orienting movements. We also observed ipsiversive slow eye movements that were evoked in combination with contraversive neck forces. This pattern of eye and neck movements is very similar to the VOR. Counterrotations of the eyes have also been observed during neck movements evoked by stimulation of the FEF in headunrestrained monkeys (Elsley et al. 2007; Knight and Fuchs 2007) . Under a head-unrestrained condition, these counterrotations of the eyes were presumed to be the VOR. However, the present slow eye movements cannot be attributed to the VOR, because we recorded eye movements and neck forces under a head-restrained condition. Taking advantage of this approach, we could analyze slow eye movements that were dissociated from the VOR. Under a head-restrained condition, movements of neck joints were restrained and gravitational components of the neck were possibly reduced. Therefore, slow eye movements could also be dissociated from the cervicoocular reflex that depends on neck proprioceptive inputs (Hikosaka and Maeda 1973) , although the EMG activity of neck muscles that precedes neck movements might produce neck proprioceptive feedback. It has been suggested that the neck EMG activity that precedes neck movements is related to covert attention (Corneil et al. 2010; Elsley et al. 2007 ).
If we exclude the VOR and the cervicoocular reflex, slow eye movements can be driven by the corollary discharge of neck movements. Compensatory eye movements during head turning have been shown to persist after bilateral labyrinthectomy and cervical deafferentation in monkeys (Dichgans et al. 1973) . Similar compensatory eye movements were also ob-served in labyrinthine-defective humans (Kasai and Zee 1978) . These studies support the interpretation that compensatory counterrotations of the eyes were produced by corollary discharge of neck movements. Furthermore, anticipatory eye movements that are likely to be produced by a corollary discharge of voluntary neck movement have been discovered in guinea pigs with bilateral peripheral vestibular lesions (King 2013; Shanidze et al. 2010) . The latency of the anticipatory eye movements with respect to the onset of neck movements has been reported to be essentially zero. The present slow eye movements that were evoked in combination with neck forces by FEF stimulation had slightly longer latencies than neck forces at a 0.05 level of significance. The latency of eye movements with respect to the onset of neck movements could potentially differ between electrically evoked movements and anticipatory responses that occur during voluntary gaze shifts to predictive targets (King 2013; Shanidze et al. 2010) . The effects of electrical stimulation may mainly represent the output of the FEF. Therefore, if electrically evoked movements differ in latency from voluntary movements made to visual targets, this difference may reflect visual inputs for voluntary movements. In addition, this difference may also be attributed to prediction processes for voluntary movements. Nevertheless, the latencies of slow eye movements and neck forces were near-synchronous, suggesting that the present slow eye movements evoked by stimulation of the FEF may also be produced by a corollary discharge of motor actions of the neck. Consistent with this idea, the timings of changes in eye position signals were quite similar to those in neck force signals, as shown by the mirror-image characteristics in Fig. 8B . Therefore, the FEF may be a source of a corollary discharge signal for compensatory eye movements during voluntary neck movements. It would be important to further understand possible relations of these slow eye movements to smooth pursuit eye movements, because the present area associated with slow eye movements and neck movements would be included in the smooth pursuit subregion in the FEF. Afferent and efferent connections of the FEF may underlie FEF influence on gaze behavior (Akert 1964; Barbas and Mesulam 1981; Leichnetz 1981) . Afferents to the FEF originate widely from both cortical and subcortical structures. Cortical afferents to the FEF arise from structures such as the prestriate, inferior temporal, and inferior parietal cortices, while subcortical afferents to the FEF arise from structures such as the mediodorsal and medial pulvinar nuclei of the thalamus. Microstimulation in the FEF presumably activated FEF neurons and presynaptic fibers that terminated on them (Jankowska et al. 1975) , although other pathways might be activated by stimulation either due to current spread to nearby passing fibers or by axon reflex activation in collaterals. The depth profiles of amplitudes of neck forces almost paralleled those of eye movements in individual stimulation tracks in the FEF: contraversive saccades and contraversive neck forces were evoked in parallel, and ipsiversive slow eye movements and contraversive neck forces were evoked in parallel. While further examination including recording experiments and anatomical experiments is necessary, the present results suggest that the FEF is involved in the control of motor actions of the neck as well as saccadic and slow eye movements. Moreover, these findings may be consistent with the idea that visual orientation involves two processes: a visual stabilization process of moving the eye and neck in opposite directions and a gaze shift process of moving the eye and neck in the same direction. In the FEF, the area associated with contraversive saccades and contraversive neck movements may contribute to a gaze shift process. In addition, the FEF area associated with ipsiversive slow eye movements and contraversive neck movements may contribute to a visual stabilization process. The control of movements of the eyes and neck by the FEF may contribute to a part of orientation behavior (Schöne 1984 ) that involves multiple processes.
While advances have been made in understanding the role of frontal cortical areas in gaze behavior (Chen and Walton 2005; Corneil et al. 2010; Lanzilotto et al. 2015; Monteon et al. 2013) , the pathways that control neck movements, compared with those that control eye movements, are not yet fully understood (Freedman and Sparks 2000; Shinoda et al. 2006; Tweed et al. 1995) . The FEF provides anatomical projections directly and indirectly via the SC to the brain stem, which contains premotor neurons for eye and neck movements (Komatsu and Suzuki 1985; Künzle and Akert 1977; Stanton et al. 1988 ). Tectofugal pathways for horizontal neck movements include the tectospinal and tectoreticulospinal pathways (Grantyn et al. 1987; Kakei et al. 1994) , where the latter is more important (Anderson et al. 1971 ). In addition, the central mesencephalic reticular formation mediates signals from the SC to medullary reticulospinal neurons (Perkins et al. 2009 ). The complexity of the pathways for neck movements most likely reflects the complex coordination across multiple neck muscles and joints. In the neural organization of orientation behavior, the pathways for neck movements may need to be understood in terms of their relationship to slow eye movements as well as saccades.
